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Polarized photomodulated reflectivity experiments were performed on a series of GaAs/A1As
quantum-wire superlattices. The spectra show clear evidence of anisotropy in the Eo-related optical
transitions, becoming more pronounced as the superlattices period decreases. A similar anisotropic
behavior is also present in the E~ and E~ + A~ critical-point transitions. These anisotropies are
attributed to the corrugated nature of the samples.
The advent of crystal-growth techniques such as
molecular-beam epitaxy (MBE) made it possible to ob-
tain semiconductor nanostructures with monolayer pre-
cision. Bidimensional quantum systems like superlat-
tices and high-mobility modulation-doped heterojunc-
tions were essential for the development of improved
high-speed electron and optoelectronic devices. To pro-
ceed further in this direction it is necessary to reduce the
dimensionality of such semiconductor structures and to
extensively study their electronic properties. Recently,
Notzel et a/. reported a growth method based on the
in situ formation of continuous arrays of macrosteps or
facets when using substrates oriented in low-symmetry
directions. This seems to produce a periodic corruga-
tion of the interfaces in a quantum structure, giving rise
to lateral confinement effects and inducing quantum-wire
formation.
Several authors have used different experimental tech-
niques to study (311)-oriented GaAs/AlAs superlat-
tices. The structural analysis was performed by double-
crystal x-ray diffraction, photoluminescence, photolu-
minescence excitation, and high-resolution transmission
electron microscopy, while many aspects of the vibra-
tional spectra were studied by conventional and resonant
Raman scattering. In a recent work, Shields et a/. re-
port resonant features related to some electronic transi-
tions of the superlattices. Modulated refIectivity offers an
alternative way of studying intersubband transitions in
semiconductor microstructures. In particular, photore-
fl.ectance and low-field electroreBectance spectra produce
structures related to the third derivative of the dielectric
constant. ' These structures are so sharp that accu-
rate determination of critical points is possible even for
measurements performed at relatively high temperatures(T&80K) ~2
In the present work, we report results of polarized
(e
~] [011] or e ~~ [233]) photoreflectance (PR) performed
on a series of GaAs/AlAs quantum-wire superlattices
(QWSL's) with periods varying from 46 A to 126 A.
Photoreflectance spectra exhibit anisotropic behavior in
the Eo-related optical transitions, which becomes more
TABLE I. Sample parameters, confinement energies (AE),
relative intensities of light- and heavy-hole transitions for po-
larization parallel [R~~ (lh) = I~~ (hh)/I~~ (lh)] and perpendicular
[Rz(lh)] to the wires, anisotropy index [Eq. (1)], and similar
coefFicients for the splitofF, E~ and Eq + A~ for the samples
used in our experiments.
Sample
d(GaAs)/d(A1As) (A)
AE (hh) (meV)
AE (lh) (meV)
EE (so) (meV)
R(( (lh)
Ri (lh)
o. (lh)
Rii (so)
Ri (so)
o. (so)
Rii (Ei)
R~ (Eg)
~ (E~)
( ) Not present.
A
66/61
96
133
(a)
8.57
6.00
0.70
( )
(a)
( )
1.05
1.85
1.81
B
43/47
156
211
( )
6.67
4.40
0.66
( )
(a)
(a)
C
29/29
278
347
290
3.24
2.00
0.62
13.75
7.69
0.56
0.115
0.147
1.27
D
24/22
338
417
364
4.07
2.44
0.60
11.00
3.39
0.31
0.19
0.235
1.24
prominent as the superlattice period decreases. A simi-
lar anisotropy is also clearly seen in the Ei and Ei + Li
critical points.
The samples used in our experiments were four
GaAs/AlAs superlattices (labeled A through D) grown
by MBE on (311)A GaAs substrates. ' The sample
parameters were determined by double-crystal x-ray
diffraction and are listed in Table I. Photomodulated re-
fiectivity experiments were performed with samples im-
mersed in liquid nitrogen. The experimental setup for
this technique is standard, with the photomodulation
produced by the chopped (200 Hz), unfocused beam of a
10 mW He-Cd laser attenuated by neutral density filters.
Figure 1 shows the PR spectra of the QWSL's. Only
one polarization (perpendicular to the wires) is shown for
the sake of clarity. In samples A and B two distinct struc-
tures are present. The first and strongest one is associ-
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FIG. 1. Modulated reBectivity signal of samples A through
D in the photon energy region of interest. Only one polar-
ization, e II [011], is shown. Arrows indicate the transition
originating a given spectral feature. The inset shows a pro-
6le of the corrugated structure, leading to the quantum-wire
formation.
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FIG. 2. Third-derivative line shape ettings for both po-
larizations in sample D. Open circles represent experimen-
tal data, while the continuous line is the result of a 6t with
TDLS's. The individual lines composing each Bt are repre-
sented below, with a vertical displacement from one another.
ated with an electronic transition from the first heavy-
hole (hh) valence band to the first conduction band. At
slightly higher photon energy, we can see another fea-
ture which lies in the region where a transition from the
first light-hole (lh) state to the conduction band is ex-
pected. In the spectra of samples C and D we distin-
guish three features, the first two associated with hh and
lh structures, respectively, and the third lying in an en-
ergy region where a transition from the first splitoff (so)
valence band to the conduction band should take place.
The transition energies for these two samples are very
close to the values reported in Ref. 8. To extract the
relevant information, the spectra were fitted with third-
derivative line shapes (TDLS).ii'is An example of this
fitting procedure is shown in Fig. 2 for sample D. There,
open circles represent experimental data while the solid
line is the result of a fit using three TDLS's. Each one of
the lines composing this fit are represented below, with
a slight vertical offset for the sake of clarity. Although
no variation of the transition energy is observed as po-
larization changes, the change in the intensities of each
line is clearly visible in the figure. The same procedure
applied to the remaining three samples leads to similar
results. These results are summarized in Table I, where
we list the confinement energies for each transition (i.e. ,
the difference between the transition energy in a given
sample and its counterpart in bulk GaAs), the ratio (B,
of the intensity of the hh transition to those of the light
hole (lh) or spin-orbit split one (so). Finally, we also list
a parameter for the i-type transition (i = lh or so) as
n(i) = R~(i)/Rll(i).
This parameter has the advantage that it does not suf-
fer from errors in the measurements of absolute inten-
sities for each polarization and has the value n(i) = 1
for noncorrugated (100) samples. In principle, (311)
superlattices should have anisotropic optical constants
even in the absence of corrugation, due to its mono-
clinic symmetry (space group B ). However, experi-
mental evidence by Brandt et al. suggests that this
intrinsic anisotropy is very small. These authors grew
uncorrugated (311) structures and were unable to And
this anisotropy [n(i) 1]. On the other hand, corru-
gation and lateral confinement should produce values of
o. less than one for the light-hole transition, as the fol-
lowing qualitative argument suggests. In the extreme
case of lateral confinement by infinite walls, the quantiza-
tion axis of angular momentum (z) would be fixed along
the confinement direction (J ). Hence, the heavy-hole-
to-conduction-band transition for this polarization would
become forbidden leading to n(lh) ~ 0. The numbers in
Table I show definite trends as the period of the superlat-
tice varies. Confinement energies, as expectea, increase
monotonically with decreasing period. The anisotropy
parameter o., which is always less than one, decreases
as the sample period decreases. This tendency is eas-
ily explained in terms of corrugation since the structural
anisotropy of a corrugated sample should be more impor-
tant as the vertical period decreases and becomes com-
parable to the lateral periodicity. In particular, our value
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R = I(E,)/I(Ei + Ai) (2)
for o.(lh) is in excellent agreement with that of Notzel et
aL2 [n(lh) = 0.72, extracted from Fig. 8(b) of Ref. 2], ob-
tained from photoluminescence excitation spectroscopy
at T = 2 K. In a recent paper, Armelles et al. attribute
such anisotropies to the inherent anisotropy of the heavy-
hole valence band in the (311) direction enhanced by
two-dimensional confinement, rather than to the effect
of the corrugation itself. Their conclusions are based on
the comparison between piezomodulated reflectance and
tight-binding calculations for samples consisting of two
narrow (8 and 17 monolayer thick, respectively) GaAs
quantum wells separated by much thicker A1As (58 and
74 monolayers, respectively) barriers. When the results
of their Table 1 are translated into o. 's, however, this
comparison does not seem as good. This can be seen
in Table II, where we also repeat the values of o. for our
samples B and D which, although not identical, are close
in quantum well width with those of Armelles et al. The
data listed in Table II show two things: (a) the experi-
mental results of Ref. 15 and ours are coherent with one
another and (b) the anisotropy parameters predicted by
theory ignoring the effects of corrugation are systemati-
cally higher (i.e. , less anisotropic) than the experimental
values for this parameter. In our opinion this indicates
that evidence of corrugation is to be found even in the
data of Ref. 15. Also, sample preparation is probably re-
lated to the degree of corrugation. ' In addition, previ-
ous exciton-corrected tight-binding-based anisotropy pa-
rameter calculated for our samples without including cor-
rugation give o. 1. So it is fair to conclude that our
experimental evidence clearly shows the type of polariza-
tion anisotropy which can be attributed to sample cor-
rugation. This is made even clearer when examining the
results of photomodulated reflectance measurements at
higher optical gaps.
Figure 3 shows PR spectra of bulk GaAs and samples A.
and D, in both polarizations (open circles). Continuous
lines are TDLS fittings of the Eq and Eq+ 4q transitions,
which lie in this spectral range. Sample A, the thickest
one, has intensities of Eq and Eq + A q structures re-
sembling bulk GaAs while sample D, of smallest period,
shows a dramatic change, with Eq transition almost van-
ishing comparing to E~+Lq one. The anisotropic behav-
ior is also clearly seen between both polarization spectra
for each QWSL sample. By defining
I I I I I I
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FIG. 3. Open circles represent modulated reQectivity signal
of bulk GaAs and samples A and D for both polarizations of
the probe beam (II and J to the wires) in the Ei critical-point
spectral range. Continuous lines are fittings using two TDLS
for Ez and Ez + Ai transitions, respectively.
and o(Ei) as in Eq. (1), we obtain the results listed
in the last three rows of Table I. As expected, o. = 1
for bulk GaAs. For samples A through D, a g 1 and
its value decreases monotonically as the superlattice pe-
riod decreases. Owing to the complex nature of the Ey
and Eq + Ai transitions, no straightforward qualitative
interpretation can be given for the observed anisotropy,
especially since confinement does not seem to play an im-
portant role in these transitions. However, the marked
anisotropic behavior observed seems to support the hy-
pothesis of structural anisotropy induced by corrugation.
In summary, a pronounced anisotropic behavior of the
modulated reflectivity of (311) GaAsiAIAs superlattices
is observed both in the Ep and Ep + Ap and the Ej and
Eq + Aq spectral regions. We believe these results indi-
cate the presence of corrugation and are consistent with
the existence of quantum wires along the (233) direction.
Prom Ref. 15
(A1As)74 (GaAs)iz (A1As)ss (GaAs)s
Expt. Theory Expt. Theory
o (1h) 0.75 0.83 0.64 0.70
n (so) 0.70 0.82 0.47 0.57
Present work
B
0.66
D
0.60
0.31
TABLE II. Comparison between anisotropy parameters o.
[Eq. (1)] of Ref. 15 and the present work.
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